The overarching goal of this two-part paper is to provide a more unified understanding of NiTi shape memory alloys intended for use in structural engineering applications. Here, we present results from basic materials characterization of large diameter polycrystalline NiTi bars. Deformation processed bars with diameters of 12.7, 19.1, and 31.8 mm and various heat treatments were characterized at multiple length scales. Transmission electron microscopy revealed a nanometer scale precipitate structure present in the heat-treated, but not as-received bars. Spatial crystallographic texture measurements performed with electron backscatter diffraction, reveal a ͗111͘ texture along the longitudinal bar drawing axis in the majority of the bar, with a secondary longitudinal ͗110͘ component near the center of the bars. The prominence of the ͗110͘ texture increases with decreasing bar diameter or increasing percentage of deformation processing. Transformation temperatures and hardness were measured on samples extracted from the bars and are shown to depend strongly on bar heat treatment, but not bar diameter. The fine coherent precipitate structure induced during low temperature aging places transformation temperatures in the pseudoelastic range at room temperature and can be used to tailor material hardness.
Shape memory alloys are active materials capable of on-demand large strain recovery and active or passive structural damping ͑Otsuka and Wayman 1998͒. The unique recovery behavior of shape memory alloys is derived from a highly reversible martensitic phase transformation driven by changes in applied stress and temperature. When shape memory alloys are deformed at a temperature above their austenite finish temperature, A f , inelastic strain recovery occurs spontaneously upon unloading, a phenomenon known as pseudoelasticity. If the shape memory alloy is deformed below A f , the inelastic strain remains after unloading, and heating above A f is required for strain recovery, a phenomenon known as shape memory. The superior damping capacity of shape memory alloys is also rooted in the martensitic transformation, specifically the dissipative energy expended by martensite interface motion during inelastic deformation. The energy loss due to interfacial motion facilitates a high degree of strain reversibility while simultaneously promoting material damping, in contrast to dislocation based plasticity, which provides significant damping only in conjunction with highly irreversible inelastic deformation.
Shape memory alloys, especially NiTi alloys, have significant potential in structural engineering applications requiring strong elements with active or passive vibration control. Approximately 10 years ago, a National Science Foundation workshop on intelligent structures and systems lauded the use of shape memory alloys in civil structures ͑Rogers 1995͒. In addition, McCormick et al. ͑2007, part II of the present paper͒ discuss the potential for exploiting NiTi in civil structures and summarize recent structural engineering efforts. Despite the promise of NiTi in civil structures, its widespread use has been partially hindered by lack of effective knowledge transfer across materials science and structural engineering fronts. Materials research on the thermomechanical behavior of NiTi shape memory alloys typically falls into one of two broad categories, materials or mechanics. Materials scientists have been preoccupied with issues such as premartensitic transformations ͑the R-phase͒ ͑Nishida and Wayman 1988͒, internal twin structure ͑Nishida Onda et al. 1992; Nishida et al. 1995a,b,c͒ , crystallography of the transformation ͑Cizek 1989; Knowles and Smith 1981; Matsumoto et al. 1987 ; Wert 1994, 1996 ; Ball and James 1987͒, and , 1999a Allafi et al. 2002; Michutta et al. 2004͒ . Much of the information from basic materials studies is critical for modeling and utilization of NiTi; however, it is a difficult task to glean the absolute necessary information from the vast database of materials science literature, especially for NiTi researchers and engineers unfamiliar with crystallography and electron microscopy. On the other hand, mechanics researchers have focused primarily on constitutive modeling ͑Tanaka 1986; Hoffmann and Niezgodka 1990; Liang and Rogers 1990; Sun et al. 1991; Brandon and Rogers 1992; Brinson 1993; Sun and Hwang 1993a,b; Graesser and Cozzarelli 1994; Abeyaratna et al. 1994; Ivshin and Price 1994; Brinson and Huang 1996; Baburaj et al. 1996; Lagoudas et al. 1996; Boyd and Lagoudas 1996a,b; Barrett 1995; Gall and Sehitoglu 1999; Thamburaja and Anand 2001; Massad and Smith 2003͒ and unique thermomechanical couplings in shape memory alloys ͑Shaw and Kyriakides 1995; Iadicola and Shaw 2002͒ . Although some of the aforementioned researchers have attempted to incorporate microstructural information in constitutive law formulation, many of the models are purely phenomenological in nature, and have limited predictive capacity. Thus, although researchers have made considerable progress on both fronts over the past 30 years, the dichotomy in basic materials and engineering structures research has hindered the widespread application of NiTi shape memory alloys. In particular, the basic materials information and mechanics models available for NiTi are usually impractical for use by research and design engineers in safety critical engineering structures. Some representative examples are discussed in the following.
The selection of appropriate heat treatment for NiTi materials remains a challenge for mechanics researchers and engineers. Commercial suppliers typically perform the heat treatment of NiTi in an effort to achieve specific transformation temperatures for customers. In some cases, the heat treatment procedure is a trade secret and has considerable developmental backing, whereas in others it is a technique used for historical reasons, and it is far from optimized. Moreover, aside from recent work ͑Frick et al. 2005͒, the majority of fundamental studies published in the literature examine heat treatment of research grade materials solutionized at very high temperatures and most studies only report the effect on transformation temperatures with no indication of mechanical performance. Another related issue is the practice of deformation processing. Most NiTi materials are available in cold drawn form, a procedure that imparts higher strength and fatigue resistance to many conventional metals, but has undetermined influence on the monotonic and cyclic mechanical properties of NiTi, especially in large diameter bars. In fact, recent work has been able to achieve exemplar recovery properties out of hot rolled ͑Frick et al. 2005͒ or as-cast ͑Ortega et al. 2005͒ NiTi, despite the common misconception that cold drawing is necessary for superior recovery properties. Although extremely expensive, cold drawing is necessary for certain applications requiring small diameter wires or tubes. It is not obvious that large diameter structural bars should be cold drawn, given the availability of precipitation hardening demonstrated in Frick et al. ͑2005͒ . In addition, the majority of mechanical tests on NiTi shape memory alloys have focused on small wires, strips, and tubes ͑Shaw and Kyriakides 1995; Iadicola and Shaw 2002; Gall et al. 2005͒ , and it is uncertain how observed material structure, measured thermomechanical effects, and constitutive models can be scaled up to large diameter NiTi bars. Finally, issues such as tensioncompression stress-strain asymmetry, an effect documented in the material science literature for over 30 years ͑Wasilewski 1971͒ still eludes many continuum based constitutive modeling and engineering design efforts, even in high risk biomedical devices that experience both tensile and compressive stresses.
The key scientific objective of this paper is to present a multiscale analysis of NiTi shape memory alloys intended for use in structural engineering applications. The work provides a fundamental and hierarchical link starting from the nanometer scale structure of NiTi shape memory alloys leading up to the full-scale deformation response of NiTi structural bars. The broad purpose of the work is to provide researchers and engineers a unified perspective on NiTi shape memory alloy bars from structural engineering and materials science points of view, potentially removing some barriers across disciplines and enabling more rapid implementation of NiTi into structures. In addition to the unified vision of the work, we present new basic research related to NiTi shape memory alloys. A few of the measurements performed are unique and have not been published for NiTi materials in general, while the majority of the data and observations have never been published for large diameter NiTi bars. This paper presents basic materials characterization on the NiTi bars as a function of deformation processing and heat treatment including nanometer sized precipitate characterization, grain size analysis, spatial crystallographic texture measurements, transformation temperature measurements, and hardness quantification. McCormick et al. ͑2007͒ presents results from full-scale and coupon level mechanical tests and provides links between the mechanical response of the material and the underlying structure revealed in this paper.
Materials and Methods
Ti-50.90 at. % Ni͑Ti-55.95 wt % Ni͒ Ni-Ti materials were obtained from a commercial supplier in as-hot-rolled forms. The bars were provided in three diameters produced by varying degrees of final hot rolling. The NiTi was first cast into a steel mold after vacuum induction melting and vacuum arc remelting in a graphite crucible. The 35.6 cm diameter cast ingots were hot forged at 935°C down to a 16.8 cm rough cut size. The 16.8 cm material slab was then subsequently hot rolled at 935°C down to a rough cut size of 50.8 mm. The remaining 50.8 mm slabs were then precision hot rolled at 935°C down to three different final bar diameters: ͑1͒ 31.8 mm, ͑2͒ 19.1 mm, and ͑3͒ 12.7 mm. The bars were oversized by approximately 1 mm after precision hot rolling to allow for removal of surface material in subsequent grinding. After final hot rolling, the bars were straightened at 600°C, coarse centerless ground, restraightened, and then subjected to a final centerless grind.
The hot rolled materials were given various heat treatments. As-received bars indicate bars given no additional heat treatment other than the temperature profiles experienced during hot rolling, and subsequent straightening of the bars ͑final thermal exposure of 600°C͒. Selected as-received materials were given a standard pseudoelastic "industry anneal" which consists of a 350°C heat treatment for 0.5 h. Some of the materials with the industry anneal were given a subsequent heat treatment of 300°C for 1.5 h. Finally, selected as-received materials were heat treated at 300, 325, 350, and 375°C for 1.5 h to systematically study the effect of heat treatment on material structure, hardness, and transformation temperatures, and provide a frame of reference for standard industry heat treatments. The 1.5 h time frame was selected because shorter times can lead to larger variation in material behavior due to increased relative sensitivity to exposure time and heat treatment conditions ͑cooling rate and slight oven variations͒. The
heat treatment temperatures were kept below 400°C to obtain a pseudoelastic response. At higher temperatures, 1.5 h heat treatments result in room temperature shape memory in the Ni-rich hot rolled material ͑Frick et al. 2005͒ .
A Philips CM200 transmission electron microscope ͑TEM͒ operated at 200 kV was utilized to characterize the microstructures. For the TEM work, 1 mm slices were cut from the bars using a slow-speed saw, and the slices were mechanically ground and polished down to 0.15 mm prior to final twin-jet electropolishing. The electrolyte employed to obtain electron transparent TEM foils consisted of a 5% perchloric acid and 95% ethanol solution and electropolishing was conducted at 35 V and −15°C. All TEM bright-field images presented in the following were recorded under two-beam conditions. Selected area diffraction patterns shown in the inset to the TEM images were obtained after tilting the foil to a low-index zone axis.
Automated electron backscatter diffraction ͑EBSD͒ using a TSL system attached to a scanning electron microscope yield spatially resolved crystallographic orientation information. For the EBSD work, the samples were electropolished using the same electrolyte as before. It should be noted that residual martensite is sometimes present in samples after low temperature electropolishing if the difference between the austenite finish and room temperature is small. Thus, all texture data presented in the following are for the B2 austenite phase only, i.e., any residual martensite present in the samples was excluded from the analysis.
The transformation temperatures for the various aging treatments on the different diameter bars were measured using a TA Instruments Q100 differential scanning calorimeter ͑DSC͒. All DSC samples were cut using a water cooled slow speed diamond wafer blade saw and mounted in high purity aluminum sample pans. The DSC cycle was performed as follows: hold for 1 min at 20°C, cool to −70°C at 10°C / min, hold for 2 min at −70°C, heat to 150°C at 10°C / min, hold for 2 min at 150°C, and cool to −70°C at 10°C / min.
Hardness measurements were performed using an automated Rockwell C hardness machine calibrated using a steel standard. Thin 2.0 mm slices were extracted from each bar by electrodischarge machining, given appropriate heat treatment, and then polished to a flat finish using 600-grit sandpaper. Measurements ͑n =5͒ were performed at the bar center and four 1/2 radial points for each hot rolled bar diameter and heat treatment. Hardness values as a function of bar spatial location were statistically the same, thus values for the entire bars were averaged and presented as one data point with a standard deviation for the hot rolled bars with various diameters and heat treatments. Hardness was also measured in samples given the industry anneal and industry anneal plus additional 300°C for 1.5 h.
Nanometer Scales: Precipitates
Perfectly equiatomic NiTi, containing 50 at. % Ni and 50 at. % Ti, exists in a stable B2 phase at elevated temperatures. The B2 crystal structure is a derivative of the body centered cubic phase with a Ni atom in the center of the unit cell and Ti atoms at all corners ͑Knowles and Smith 1981; Matsumoto et al. 1987͒ . The so-called "austenitic" B2 structure, named after the parent phase of martensite in steels, is capable of undergoing a martensitic phase transformation upon cooling or application of stress. The diffusionless solid-state transformation results in various martensitic phases ranging from a rhombohedral ͑R͒ phase to a monoclinic ͑B19'͒ phase ͑Nishida and Wayman 1988; Onda et al. 1992; Nishida et al. 1995a,b,c͒ . The formation of the R phase is often called a "premartensitic" transformation whereas the formation of the B19' phase is referred to as the "primary" transformation. In addition, in order to minimize local interfacial and elastic strain energy, the transformation from a single crystal of austenite does not result in a single crystal of martensite, but rather martensite with nanometer scale internal twins ͑mirrored single crystals͒ and multiple crystallographic variants ͑martensite plates͒ ͑Nishida and Wayman 1988; Onda et al. 1992; Nishida et al. 1995a,b,c͒, further increasing the crystallographic complexity of the transformation. The B2 austenite phase is the only phase in NiTi known to undergo a martensitic transformation and, thus, its presence is central to the unique thermomechanical behavior of NiTi. However, commercial NiTi alloys are rarely equiatomic, and most often contain excess Ni, leading to the presence of other nonmartensitic phases in nearly all commercial NiTi materials.
The excess Ni in commercial NiTi alloys is typically on the order of 0.1-1.0 at. %, making them Ni-rich intermetallic alloys. The chemical solubility of Ni in the host B2 NiTi crystal lattice at low temperatures is less than 0.1 at. %; driving the precipitation of alternative Ni-Ti based intermetallic compounds within the B2 matrix. When subjected to elevated temperatures for a sufficiently long time ͑i.e., equilibrium͒, the coarse TiNi 3 phase will precipitate through diffusion based ͑nonmartensitic͒ processes from the B2 matrix as evident from the Ti-Ni equilibrium phase diagram. However, prior to precipitation of TiNi 3 , a metastable precipitate, Ti 3 Ni 4 , can form in Ni-rich NiTi alloys ͑Gall et 1999a,b,c; Allafi et al. 2002; Michutta et al. 2004͒ . Metastable Ti 3 Ni 4 precipitates form from a solid solution of Ni in NiTi at moderate aging temperatures in the range of 300-600°C over a course of minutes to hours. Aging near or above 600°C leads to precipitate dissolution and creation of a solid solution dispersion of Ni in NiTi ͑Frick et al. 2005͒ . The ability to control the size and distribution of the Ti 3 Ni 4 precipitates facilitates hardening in commercial NiTi shape memory alloys. Although the precipitates themselves do not undergo a martensitic transformation, they greatly enhance the overall thermomechanical properties of commercial NiTi alloys. In particular, at certain sizes, the precipitates assist the martensitic transformation and hinder dislocation motion in the surrounding B2 matrix, effectively promoting the reversibility of the phase transformation and improving macroscopic strain recovery ͑Gall et 1999a,b,c; Allafi et al. 2002; Michutta et al. 2004͒ . The mechanism of strengthening in Ni-rich NiTi is analogous to "age" or "precipitation" hardening in 2XXX or 7XXX series aluminum alloys.
With this background, the primary purpose of commercial heat treatments in NiTi alloys is precipitation of a fine distribution of Ti 3 Ni 4 in a B2 NiTi matrix. In hot rolled alloys, precipitation is the only process dominating during low temperature heat treatment, whereas cold drawn alloys experience dislocation recovery in addition to precipitation ͑Frick et al. 2005͒ . An exception to the aforementioned generalization would be ideally equiatomic NiTi alloys intended to demonstrate shape memory behavior at room temperature due to their higher transformation temperatures. Such materials do not possess the capacity for precipitation hardening due to their lack of excess Ni and are typically "hardened" by grain size strengthening and/or strain hardening ͑Gall et al. 2005͒ . A near-perfect equiatomic NiTi system would likely be obtained from a commercial supplier if one requested a material demonstrating "shape memory" behavior at room temperature. We note that Ni-rich NiTi materials can also demonstrate shape memory at room temperature given the appropriate aging treatment ͑450°C   185   186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232   233   234  235  236  237  238  239  240  241  242  243  244   245   246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306 , making the Ni-rich materials a more versatile choice if an engineer or scientist is uncertain a priori of needing shape memory or pseudoelasticity. In the present paper, we focus on pseudoelastic Ni-rich hot rolled materials as they can be hardened to comparable levels as cold drawn alloys ͑Frick et al. 2005͒ and are considerably cheaper, a critical factor for structural engineering applications. In the remainder of this section we will examine the nanometer scale precipitate structure in the hot rolled NiTi materials.
Figs. 1 and 2 present representative TEM images of the precipitate structure in the hot rolled Ti-50.9 at. % Ni as a function of bar size and heat treatment, respectively. Fig. 1 shows the material structure at nanometer scales in as-received bars of all three diameters. The inset diffraction patterns are slightly overexposed to highlight a slight streaking between primary reflections. The primary reflections are from the B2 NiTi phase and the streaks indicate an extremely small volume fraction of tiny second phase precipitates in the B2 matrix. Fig. 1͑a͒ is from the as-received 12.7 mm diameter bar, highlighting a grain triple point, whereas Fig. 1͑b͒ shows a high-resolution image from the same bar. The grain at the bottom of Fig. 1͑a͒ is out of diffraction contrast; however, the upper two grains show a low dislocation density and no visible precipitates. The image in Fig. 1͑b͒ shows some sparse dislocations and a few very tiny precipitates. The overexposed diffraction pattern inset in Fig. 1͑b͒ contains streaks between primary reflections confirming the presence of the precipitates seen in Fig. 1͑b͒ . Figs. 1͑c and d͒ are representative images from the 19.1 and 31.8 mm bars, respectively. The images also show a low dislocation density and extremely small volume fraction of tiny precipitates evident from the streaking in the inset diffraction patterns. In summary, the as-hot-rolled materials possessed very similar nanometer scale structures defined by a low dislocation density and near absence of precipitates. As will be supported by subsequent TEM images, showing a large fraction of precipitates after aging, the Ni in the as-hot-rolled material is in a supersaturated state in the B2 matrix. The so-called solutionized state is a result of the relatively high temperatures ͑Ͼ600°C͒ experienced by the materials during commercial hot rolling and straightening. From an aging ͑heat treatment͒ standpoint, it is ideal to start from a solutionized material as extremely small precipitates can be produced with low temperature aging treatments.
The influence of aging on the material structure at nanometer scales is investigated only in the bars with a 19.1 mm diameter as the initial structures of the bars with different diameters was nearly identical. Figs. 2͑a-f͒ present representative images from the 19.1 mm diameter bar given various heat treatments. Fig. 2͑a͒ is from the material given the industry anneal ͑350°C for 1.5 h͒, demonstrating a significant fraction of very fine coherent precipitates distributed in the lower grain. The top two grains in Fig. 2͑a͒ are out of diffraction contrast for imaging of the precipitates, although they were confirmed to exist. The diffraction pattern inset in Fig. 2͑a͒ confirms indication of the presence of a second phase by the secondary spots surrounding the primary diffraction spots. Figs. 2͑b-e͒ are from the as-received materials aged for 1.5 h at 300, 325, 350, and 375°C, respectively. All of the images and diffraction patterns demonstrate the presence of nanometer scale, distributed second phase precipitates. It is impractical with small representative TEM foils to detect a noticeable difference in the size of the precipitates from Figs. 2͑b͒ to 2͑e͒. However, it is expected that the precipitates are slightly larger, on average, in the material given a higher temperature aging treatment, Fig. 2͑e͒ , compared to the material given the lower temperature aging treat- 
Fig. 2.
Transmission electron microscopy images of the bar structure at nanometer scales as a function of bar heart treatment for the 19.1 mm bar. ͑a͒ "Industry anneal" ͑0.5 h at 350°C͒; ͑b͒ as-received +1.5 h at 300°C; ͑c͒ as-received +1.5 h at 325°C; ͑d͒ as-received +1.5 h at 350°C; ͑e͒ as-received +1.5 h at 375°C; and ͑f͒ Industry anneal ͑0.5 h at 350°C͒+1.5 h at 300°C. Fig. 2͑b͒ . The material given the industry anneal plus a subsequent heat treatment at 300°C for 1.5 h, Fig. 2͑f͒ , also demonstrates a fine precipitated structure, similar to the other heattreated materials.
The TEM analysis shows that the as-received materials contain almost no precipitates whereas the aged materials all contain nanometer scale precipitates distributed throughout a B2 matrix. Dislocations density was relatively low in the as-received and annealed materials, indicating that precipitation is the key dominant factor controlling aging effects in commercial Ni-rich hotrolled NiTi alloys. It is extremely difficult to ascertain structural differences in the materials subjected to different aging treatment by TEM. However, hardness and thermal transformation measurements, presented in subsequent sections, are capable of distinguishing the influence of small changes in heat treatment on the material behavior.
Micrometer Scales: Grains
Since the advent of the Hall-Petch correlation between yield strength and grain size, grain size has been recognized as a critical factor in the strengthening of metallic alloys. As grain size is reduced, strength is increased due to the enhancement of dislocation pileups between shorter-range grain boundaries. In addition to grain size, the preferred crystallographic alignment of grains with macroscopic frames of reference, i.e., texture, can influence the mechanical properties of materials. Crystallographic texture is often presented as a density plot in a standard stereographic triangle, a representative section of a full pole figure containing information about all possible orientations within a cubic single crystal. In many cases, crystallographic texture is measured in an average manner using x rays; however, recent advances in automated scanning electron microscopy have enabled spatial grain orientation and hence texture measurements through EBSD. Although mechanical properties in a polycrystalline material can be considerably influenced by the size and orientation distribution of individual grains, the absolute magnitude of the hardening effects can be diminished when alternative hardening mechanisms are active ͑e.g., solid solution or precipitation hardening͒.
Early research of NiTi indicated that sufficiently small grain sizes were required for realization of active shape memory or pseudoelastic properties in NiTi ͑Otsuka and Wayman 1998͒. However, this early work did not consider the influence of second phase precipitates, which can provide adequate hardening in the absence of grain size strengthening. For example, recent work has demonstrated favorable shape memory properties in NiTi castings with millimeter-sized grains ͑Ortega et al. 2005͒ and NiTi single crystals ͑Gall et al. 1999a͒ when the materials contain finely distributed precipitates. As-cast materials with large grains, a near equiatomic composition, and no precipitates, demonstrated inferior recovery properties due to a lack of any hardening mechanism to prevent irreversible dislocation motion ͑Ortega et al. 2005͒. Due to the crystallographic nature of the martensitic transformation, texture has a first-order influence on NiTi leading to extreme anisotropy and stress-state dependence of mechanical properties ͑Gall et al. 1999a; Gall and Sehitoglu 1999͒. In this work, we focus on the grain size and crystallographic texture in hot rolled NiTi bars measured using automated electron backscatter diffraction. The advantage of EBSD is the creation of spatial distributions of texture and grain size for the large diameter bars. These data, previously unavailable in the literature, are important for large sections of materials that experience gradients in local deformation processing conditions. As is common for intermetallics, crystallographic texture in NiTi induced during deformation processing is unaltered by low temperature aging, thus we only present measurements from the as-received materials. Fig. 3 presents a representative map of grain orientations from a section of the hot rolled bar with a 31.8 mm diameter. The map contains a scale on the lower right indicating the size of the grain orientation reconstruction, and a stereographic triangle on the left indicating the orientation of various colored grains. The map is constructed to show the orientation of the grains parallel to the rolling ͑long͒ axis of the hot rolled bar. In Fig. 3 , the gradient in colors corresponds to variations in individual grain orientations. For example, grains with a dark blue ͑dark gray͒ color have a ͗111͘ orientation parallel to the rolling axis, whereas grains with a dark red ͑medium gray͒ color have a ͗001͘ axis parallel to the rolling axis. Intermediate colors represent crystal orientations angled away from the three standard low index poles, ͗111͘, ͗001͘, and ͗101͘. In order to identify the orientation of a specific grain away from a low index pole, for example a grain colored yellow ͑light gray͒, the color triangle in Fig. 3 would have to be compared to a stereographic triangle with more extensive labeling available in standard crystallography books. From visual inspection, the dominant texture along the rolling axis is of the ͗111͘ type, evident from the relatively high fraction of "blue" grains in Fig. 3 .
Grain map orientations, Fig. 3 , and grain sizes, Table 1 , were measured for all three bars at various locations throughout the bar. As it is impractical to show the texture for all locations in all bars, we have chosen to present stereographic triangles of the texture distribution at selected locations in each bar, Fig. 4 , calculated using data similar to Fig. 3 . The color distributions in Fig. 4 have no relation to the colors in Fig. 3 . The colors in Fig. 4 represent relative densities superimposed on standard stereographic tri- Fig. 4 , black indicates a high density of grains of a particular orientation while white indicates an extremely low density of grains of a particular orientation. Average measurements are provided at three locations on each of the three bars; the bar center, 1/2 radius, and bar edge. Recall that the smaller bars were fabricated by further reducing the larger hot-rolled bars through additional deformation processing. All of the materials, regardless of bar diameter or measurement location, show a relative absence of ͗100͘ grain orientations parallel to the rolling axis. In addition, all of the materials have a strong ͗111͘ texture component along their rolling axis with a secondary ͗101͘ component, Fig. 4 . In the 31.8 mm diameter bar, a material which experienced the smallest amount of deformation processing, the crystallographic texture has a strong ͗111͘ component throughout the entire bar, with a small ͗110͘ component near the bar center. The 19.1 mm bar shows further development of the ͗110͘ texture in the bar center and 1/2 radius point. Finally, the 12.7 mm bar shows a strong ͗110͘ texture in its center that gradually converts to a ͗111͘ texture toward the outer edge of the bar. The dominant average texture in all of the bars is the ͗111͘ type, which is consistent with x-ray measurements on hot rolled bars ͑Frick et al. 2005͒. However, the data in Fig. 4 demonstrate a spatial dependence of crystallographic texture in NiTi bars that increases with increased deformation processing. Texture is important in NiTi shape memory alloys because maximum recoverable strain depends strongly on crystallographic orientation and applied stress state ͑tension versus compression͒. The ͗100͘ orientation shows minimal recoverable strains and brittle behavior in tension, but large recoverable strains in compression ͑Gall et al.
1999a; Gall and Sehitoglu 1999͒. On the other hand, the ͗111͘ and ͗110͘ orientations possess large recoverable strains in tension whereas the ͗111͘ orientations have relatively poor compressive recovery properties ͑Gall et al. 1999a; Gall and Sehitoglu 1999͒. The grain size data in Table 1 indicates, on average, that increased reduction via deformation processing reduces overall grain size, as expected. Specifically, the average grain size in the 12.7 mm bar is 36 m whereas the average grain size in the 31.8 mm bar is 49 m. The trends in average grain size as a function of bar location are less clear and do not follow a definitive trend. The grain size in the large diameter bars is considerably larger than typical grains in NiTi cold drawn wires, which have grain sizes on the order of micrometers ͑Gall et al. 2005͒ . On the other hand, the grain sizes in large diameter cold drawn bars ͑Frick et al. 2004͒ are on the order of the sizes presented in Table 1 for the hot rolled bars, thus cold rolling does not produce a very significant decrease in grain size.
Standard Characterization: Thermal Transformation Behavior
DSC is the most common method used to characterize NiTi shape memory alloys by researchers, engineers, and commercial suppliers. Essentially, DSC measures heat flow as a function of temperature, and provides an indication of the transformation temperatures of the material as it goes through endothermic and exothermic solid-state phase transformations. Thermal analysis is so routine that most suppliers will provide DSC measurements with the materials. In addition, as transformation temperatures are 463   464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490 so sensitive to alloy composition, and composition measurements at 0.1 at. % levels of accuracy are difficult, most standards suggest DSC as the best method to infer the composition of NiTi shape memory alloys. The transformation temperatures are critical because their location relative to the testing temperature determines if the material will show shape memory versus pseudoelasticity. For example, when a "pseudoelastic" material is requested from a commercial supplier, a Ni-rich material will likely be provided with a heat treatment placing transformations temperatures in a location below room temperature as measured by DSC. The transformation temperatures of Ni-rich NiTi alloys are particularly sensitive to heat treatment as precipitate size strongly influences the thermodynamics of the transformation ͑Gall et , 1999a Allafi et al. 2002; Michutta et al. 2004͒ . For example, it is possible to move the transformation temperatures in a Ni-rich material nearly 50°by aging treatment alone ͑Frick et al. 2005͒ . In this section, we examine the effect of aging treatment on thermal transformation behavior in hot-rolled NiTi bars. Aging treatments in this study are limited to those that produce a pseudoelastic material at room temperature ͑25°C͒. Fig. 5 contains DSC results for the hot-rolled bars as a function of bar diameter and heat treatment. On all graphs, cooling data are presented on the bottom of the curve whereas heating data are presented on the top of the curve, labeled in Fig. 5͑a͒ . In addition, heat flow is defined so that exothermic reactions produce a downward peak, whereas endothermic reactions produce an upward peak. Samples were extracted from various locations throughout the bars; however, minimal spatial variation was observed in the transformation temperatures relative to differences between different heat treatments. The as-received bars all demonstrate a one-step forward ͑M ← A͒ and reverse ͑M → A͒ primary martensitic transformation upon cooling and heating, respectively, Fig. 5͑a͒ . The reverse transformation temperatures are below 0°C, so the as-received material will demonstrate pseudoelasticity at room temperature. The forward transformation temperature, or the so-called martensite start temperature, M s , is near −50°C for the smaller bars and slightly higher for the largest bar, Fig. 5͑a͒ . Research has previously shown that strainhardening can suppress the martensitic transformation ͑Frick et al. Fig. 5͑a͒ show a slight decrease of M s in the as-received condition for the hot rolled bars given more deformation processing.
2005, 2004͒ and results in
Prior to discussing the remaining results in Fig. 5 , we mention a few issues critical to understanding the DSC results. First, precipitates lead to so-called multiple step transformations, which can greatly complicate the interpretation of DSC results due to the presence of two to three peaks during cooling or heating ͑Allafi et al. Michutta et al. 2004͒ . In the results presented here, the heat treated materials undergo a two-step transformation upon cooling ͑and heating͒ between austenite ͑A͒, the R phase ͑R͒, and the primary martensite phase ͑M͒. The R phase is most easily identified on the DSC curve by its relatively high temperature, sharp peak ͑small transformation enthalpy͒, and small temperature hysteresis. In precipitated materials, it is often more difficult to successfully measure and identify the primary martensitic transformation. The primary martensitic transformation occurs at lower temperatures, has a large temperature hysteresis, and can have very diffuse peaks covering a large temperature range. Amplifying the problem is the fact that many commercial DSC tools ͑such as the model used here͒ do not have the temperature capacity to go far below −50°C, where the primary transformation occurs for some of the mild aging treatments. For example, in Fig. 5͑d͒ , upon cooling, the larger diameter bar ͑solid line͒ has a very sharp R-phase transformation around 30°C followed by a broad primary martensitic transformation just under −50°C. Upon heating, the reverse martensitic transformation occurs near 0°C ͑Fig. 5͑d͒, solid line͒ and the reverse R-phase transformation occurs around 35°C. In the smaller bars, the temperature cannot be decreased sufficiently to reach the primary martensitic transformation, hence the absence of the reverse peak upon heating for the smaller bars in Fig. 5͑d͒ , and in other graphs. Nevertheless, as the aging temperature is increased, the transformation temperatures increase, and the DSC is capable of measuring the primary martensitic transformation in the smaller bars ͑see Figs. 5͑e and f͒͒.
Some general trends in the DSC data are now discussed. Fig. 5͑e͒ contains labels for all transformations, and similar transformations occur for all materials when the primary martensite transformation temperature is in the DSC instrument range. In Samples were extracted from bars with diameters indicated in the legend. ͑a͒ As-received; ͑b͒ "industry anneal" ͑0.5 h at 350°C͒; ͑c͒ as-received +1.5 h at 300°C; ͑d͒ as-received +1.5 h at 325°C; ͑e͒ as-received +1.5 h at 350°C; ͑f͒ as-received +1.5 h at 375°C; and ͑g͒ industry anneal ͑0.5 h at 350°C͒ +1.5 h at 300°C .   520   521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582   583   584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601 reverse R-phase to Austenite transformation. The industry anneal of 350°C for 0.5 h results in the appearance of a R-phase transformation near 25°C and a martensitic phase transformation that occurs just under 50°C, Fig. 5͑b͒ . The R-phase transformation is a known signature of a precipitated structure in NiTi ͑Nishida and Wayman 1998͒. This signature is also evident in the present work due to the lack of precipitates and R-phase peaks in the asreceived material, and appearance of the R-phase peaks with the introduction of precipitates observed by TEM in the heat treated materials. In the series of heat treatments in Figs. 5͑c-f͒, similar R-phase peaks are observed. The location of the R-phase peak does not depend strongly on aging temperature, and thus is not a good indication of the material structure or behavior other than the general presence of precipitates.
The primary martensitic transformation occurs in all of the materials in the vicinity of −50°C. The precise location of the M s temperature depends primarily on heat treatment; as the aging temperature is increased, the M s temperature moves from below −50°C ͑barely distinguishable in Fig. 5͑c͒͒ to above −50°C ͑clear in Fig. 5͑f͒ for all three bar diameters͒. In addition, there is a slight dependence of the transformation temperatures on bar diameter inherited from the behavior of the as-received bars, which demonstrated a higher M s for the largest ͑less worked͒ bar. The largest bars ͑solid line in Figs. 5͑c-f͒͒ usually have a slightly higher M s temperature, albeit in close range to the other two bars. However, the effect of aging temperature on transformation temperatures is more significant and reproducible than the influence of bar diameter. The industry anneal ͑350°C for 0.5 h͒ material demonstrates a DSC response similar to the material aged at 325°C for 1.5 h. The material given the industry anneal ͑350°C for 0.5 h͒ plus a subsequent 300°C treatment for 1.5 h demonstrated DSC behavior in between the material heat treated for 325°C for 1.5 h and the material heat treated for 350°C for 1.5 h. Of course, the above-noted results are expected based on the kinetics of diffusive processes, as the influences of temperature and time are interchangeable within the limits of achievable activation energy for the process. In basic terms, the effects of higher temperature short heat treatments are similar to lower temperature long heat treatments as they should result in similar precipitate sizes, a key controlling feature in the DSC response.
Material Strength: Hardness Trends
Hardness measurement is one of the simplest tools used to evaluate the mechanical properties of metallic materials. Hardness is an especially useful tool in age-hardenable metal alloys as they undergo predictable changes in hardness as a function of aging temperature and time as controlled by evolution of precipitate size and distribution. As such, hardness can be used to reliably assess the effect of heat treatment in age-hardenable alloys. Fig. 6 presents the hardness of the hot rolled bars as a function of bar diameter and heat treatment. In the as-received or solutionized state, the hardness of the hot rolled materials was approximately 32± 1 HRC, Fig. 6 . This hardness value was consistent amongst all bar diameters and tests in different spatial locations throughout the bars. The effect of bar diameter was small and did not follow any noteworthy trend, Fig. 6 . More important, the effect of heat treatment on the as-received bars treated for 1.5 h followed a trend for all bar diameters. The initial 300°C heat treatment resulted in the hardest bars, followed by a slight decrease in hardness each time aging temperature was increased by 25°C. All of the heat-treated bars considered in this study possessed hardness values higher than the as-received bars, consistent with the TEM observations of coherent precipitates upon aging and basic theories of precipitation strengthening.
The hardness of the NiTi ͑averaged for all bar diameters͒ after a standard "industry anneal" performed at 350°C for 0.5 h was in the same range as the hardest bars heat treated for 1.5 h at 300 and 325°C, Fig. 6 . Bars with the industry anneal that were subsequently treated for 1.5 h at 300°C, demonstrated a slight drop in hardness, but remained statistically in the range of the hardest bars tested. Two-step aging treatments are sometimes used with NiTi for shape setting followed by subsequent property tailoring. The results in Fig. 6 demonstrate that aging in the range of 300-350°C can be used to achieve relatively hard NiTi, an advantage for high cycle fatigue resistance during normal vibratory structural loading. At lower aging temperatures, aging times can be on the order of 1.5 h long, but as aging temperature approaches 350°C, aging times can be reduced to times on the order of 0.5 h, as is done in standard industrial practice. Aging at 375°C or above results in a hardness approaching the as received material, unless aging time is dramatically reduced. Very short aging times are not recommended because they can lead to greater variability in material performance due to increased sensitivity to aging treatment parameters. In part-II of this paper ͑McCormick et al. 2007͒, we will present results from materials given the industry anneal plus a subsequent treatment for 1.5 h at 300°C. This treatment was selected for mechanical testing due to availability of large bar materials. Any of the hot-rolled materials aged to produce hardness values in the range of 38 to 42 HRC will have similar precipitate structures and thus similar thermomechanical properties. The thermomechanical properties will be discussed in more detail in McCormick et al. ͑2007͒.
Nano-and Microstructural Connections to Functional Properties
The structural features at various length scales suggest the possibility of a strong influence on the functional properties in NiTi used in structural engineering applications. First, aging and precipitate size alter the transformation temperatures. If the structural response requires pseudoelasticity, then aging treatment and pre- 603   604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643   644   645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661 cipitate sizes should be kept in the range discussed in this paper. Higher temperature aging will increase precipitate size greatly and result in shape memory behavior in the Ni-rich materials. The precipitates also have a direct influence on functional properties beyond the transformation temperature. In general, smaller precipitate sizes lead to stronger materials as suggested by the hardness study. This increased hardness suggests a reduction in the accumulation of residual plasticity upon cycling. Residual plasticity is a disadvantage in structural applications because it limits the ability of the bars to facilitate structural shape recovery, such as recentering. However, past studies have also shown that the formation of precipitates can influence the hysteretic behavior of NiTi materials due to a loss of energy associated with dislocation motion near the martensite interfaces. Such an effect would require the balancing of minimizing residual plasticity and maximizing energy dissipation with respect to the microstructural characteristics. The influence on these mechanical properties is discussed in depth in part II of this paper ͑McCormick et al. 2007͒ . Further, based on the transformation temperatures measured here, lower temperature aging treatments will lead to lower transformation temperatures, and higher critical transformation stresses. Higher temperature aging treatments will lead to higher transformation temperatures, and lower critical transformation stresses. The results in this paper can be used as a template ͑for Ni-rich NiTi͒ to determine appropriate aging treatments for desired transformation temperatures and hardness values.
Grain size has a very small influence relative to precipitate size, thus researchers should be less concerned with the grain size in their material when it is sufficiently Ni rich. Crystallographic texture ͑and presumably precipitate density and size͒ vary considerably throughout the bar cross section, and as a result, the mechanical response of large bar materials must be compared to those using coupon specimens to determine the influence of this nonhomogeneous texturing. The work in part II of this paper ͑McCormick et al. 2007͒ evaluates the fundamental difference between coupon and full-scale tests.
Conclusions
The objective of the present paper is to present a multiscale basic materials characterization of commercial NiTi shape memory alloys intended for use in structural engineering applications. Some of the key conclusions resulting from the work are summarized in the following: 1. As-received bars obtained from commercial suppliers are relatively precipitate free, as long as the final thermal exposure of the bars is in the range of 600°C. 2. Low temperature ͑T Ͻ 400°C͒ heat treatment of the asreceived bars for a period of 0.5-1.5 h results in observed precipitation of a nanometer scale second phase. 3. Hot-rolled bars have a significant ͗111͘ texture along the rolling axis that depends on the amount of deformation processing. Increasing the percentage of deformation processing ͑i.e., producing a smaller bar͒, brings out a ͗110͘ type texture in the bar center. 4. The grain size of hot rolled bars is slightly reduced by increased amounts of deformation processing. 5. As-received hot-rolled bars demonstrate a one-step forward and reverse martensitic transformation. 6. Hot-rolled bars aged in the range of 300-375°C demonstrate a two-step forward and reverse martensitic transformation. The primary martensitic transformation temperature is well below 50°C and moves slightly based on aging temperature and time. 7. The hardness of the hot rolled bars depends on heat treatment temperature and time and is approximately 38-42 HRC when treated in the vicinity of 300-325°C for 1.5 h. Slightly higher temperatures require shortened heat treatment times to obtain the same hardness levels.
